We demonstrate a 120 GHz 3-dB bandwidth on-chip silicon photonic interleaver with a flat passband over a broad spectral range of 70 nm. The structure of the interleaver is based on an asymmetric MachZehnder interferometer (MZI) with 3 ring resonators coupled to the arms of the MZI. The transmission spectra of this device depict a rapid roll-off on the band edges, where the 20-dB bandwidth is measured to be 142 GHz. This device is optimized for operation in the C-band with a channel crosstalk as low as 20 dB. The device also has full reconfiguration capability to compensate for fabrication imperfections. 
Introduction
Optical interconnect networks utilizing wavelength-division multiplexing (WDM) technology present a solution to the electrical interconnect bottleneck by offering a larger bandwidth and lower power consumption in high-performance microelectronic chips [1, 2] . To realize this goal, several high speed and low power silicon-based devices such as modulators and photodetectors have been reported [3] [4] [5] [6] [7] [8] [9] . High bandwidth interleavers are essential for routing a large number of WDM channels with high data-rate signals from one location to another location in a network [10] . A waveguide-based interleaver has been demonstrated using cascaded Mach-Zehnder interferometers (MZI), however this type of interleaver has a relatively large device footprint [11] [12] [13] . The number of cascaded MZI stages can be reduced and simplified by coupling ring resonators to the MZI. In ref [14] [15] [16] [17] . silicon-based ringassisted MZI interleavers have been designed and demonstrated, however their performance was limited in channel crosstalk and spectral range of operation due to the sensitivity of the device to fabrication imperfections.
Here we demonstrate a 120 GHz 3-dB bandwidth on-chip silicon photonic ring-assisted MZI interleaver that has a flat passband over a broad spectral range of 70 nm. This device is optimized to operate in the entire C-band with a channel crosstalk as low as 20 dB. The device also has full reconfiguration capability to compensate for fabrication imperfections.
Device design
We design an interleaver that has the capability of separating and combining a comb of WDM signals with low channel crosstalk and low signal distortion. The filtering function of such an interleaver is illustrated in Fig. 1(a) . When a comb of WDM signals is coupled into the input of the interleaver, the device operates as a demultiplexer by channeling signals "1" to the bar port and signals "2" to the cross port. This device also operates as a multiplexer when signals (1' and 2') are coupled into the add port. Signal 1' is added to the signals at the cross port while signal 2' is added to the signals at the bar port. The transmission spectra of both the bar and cross ports in such an interleaver have a flat passband, a fast roll-off on the band edges, and a low channel crosstalk (i.e. high extinction ratio between the passband of one channel and the stopband of an adjacent channel) [10] . Figure 1(b) shows the transmission spectra of this interleaver and illustrates the terminologies that are used in this paper. The free spectral range (FSR) in Fig. 1(b) refers to one period of the transmission spectrum. Within this FSR, the signals denoted as "1" and "2" in Fig. 1(a) are channeled to the bar port and to the cross port respectively. The channel crosstalk is an important figure of merit of an interleaver as it determines the effectiveness of the filter to suppress adjacent channels [18] . In this paper, we are optimizing the bandwidth for which the channel crosstalk is 20dB -the crosstalk of commercial telecom bandsplitter [19] . Figure 2(a) shows a design of an interleaver based on an asymmetric MZI and a ring resonator first proposed by Oda et al [20] . The MZI consists of two 3-dB couplers and a path difference between the two arms. The length of the ring resonator (L ring ) is twice the length of the path difference and the FSR of the interleaver is determined by L ring . The ring resonator is coupled to the shorter arm of the MZI with a coupling coefficient of κ 1 . The transfer function of this single ring-assisted MZI interleaveris given by [21] :
where
, α is the effective loss of the path difference or half the effective ring loss (in dB), ν = f / FSR = (n g L ring ) / 2λ is the frequency normalized to the FSR, c is the speed of light at vacuum, n g is the group index of the device, and λ is the free space wavelength.
Considering a lossless device (α = 0), we show the performance of such a device for a coupling coefficient κ 1 of 0.89 (see Fig. 2 (d) -blue dotted line). This value was obtained from Eq. (1) and (2) by optimizing the flatness of the passband response [21] . This device has a 20-dB bandwidth of 0.72 FSR. The slope of the band edges has a relatively slow roll-off and therefore the operating bandwidth of the device is low. It is essential to reduce the 20-dB bandwidth to as close as 0.5 FSR to fully utilize the entire operating spectrum. To further reduce the 20-dB bandwidth, we design higher order interleavers that have more ring resonators coupled to the arms of the MZI. When a second ring resonator is coupled to the longer arm of the MZI (see Fig. 2(b) ), the device is shown to have a faster roll-off on the band edges [22] . 
α/20 , α is the effective loss of the path difference or half the effective ring loss (in dB), ν = f / FSR = (n g L ring ) / 2λ is the frequency normalized to the FSR, c is the speed of light at vacuum, n g is the group index of the device, and λ is the free space wavelength.
The addition of even more ring resonators to the MZI arms helps reduce the 20-dB bandwidth and therefore increase the operational bandwidth of the device. However, it also increases the attenuation of the transmitted signals due to the ring losses, as depicted by Eq. (3) and (4). Figure 3 illustrates the impact of ring loss on the cross port transmission spectra of an optimal triple ring-assisted MZI interleaver. In a lossless case (α = 0), the spectral response of the interleaver has a flat passband and fast roll-off on the band edges (see Fig. 3 -red solid line). The green dashed line and blue dotted line in Fig. 3 show that as the ring loss increases to 2 dB per ring and 4 dB per ring, the insertion loss of the interleaver increases. The passband also becomes not as flat and the roll-off on the band edges becomes less steep. The channel crosstalk of the triple ring-assisted MZI interleaver is highly dependent on the combination of the coupling coefficients κ 1 , κ 2 , and κ 3 . Assuming that the waveguides are lossless in this device, we analyzed the effects of the coupling coefficients according to Eq. (3) and (4) . Figure 4(a) shows the contour plot of the channel crosstalk of the interleaver as a function of κ 1 and κ 2 , with κ 3 optimized to be 0.25 for a passband bandwidth requirement of 0.55 FSR. In order to achieve a channel crosstalk of less than 20 dB in the device, we need to operate within the blue region in the contour plot. One can observe from Fig. 4(a) that the blue region occupies only a small area of the contour plot. This means that the values of κ 1 and κ 2 have to be controlled precisely. Figure 4 (b) and 4(c) illustrate the high sensitivity of the device to small deviation of the coupling coefficient optimized values. Figure 4(b) shows the transmission spectra of the interleaver at the optimum operation (κ 1 = 0.96, κ 2 = 0.68, and κ 3 = 0.25, indicated by the white cross in the contour plot). The channel crosstalk increases from 40dB to 12 dB (see Fig. 4(c) ) when the value of κ 1 changes from 0.96 to 0.8, indicated by the black cross. In order to compensate for any fabrication imperfection, we design the device with full reconfiguration capability. To enable external control of each coupling coefficient independently, the waveguide-ring coupler is replaced with a thermo-optically tunable symmetric MZI coupler and the ring resonator with a racetrack resonator (see Fig. 5(a) ) [23] [24] [25] [26] . We do this modification to all the coupling regions, indicated by the blue regions in Fig.  5(b) . The effective coupling of each MZI coupler can be externally controlled by changing the phase difference Δφ = φ 1 φ 2 between the two arms of the MZI. The effective coupling is given by Κ eff = 4κ(1κ) cos 2 (Δφ/2) where κ is the power coupling coefficient at each directional coupler of the MZI. The phase difference is controlled using the thermo-optic effect of silicon by placing a Nichrome (NiCr) heater on each arm of the MZI. To enable a full reconfiguration of Κ eff from 0 to 1, the value of κ is set to be 0.5 (3 dB). A NiCr heater is also placed on each racetrack resonator and the asymmetric MZI path difference to tune the effective phase of the device. The interleaver spectra can be shifted by one FSR by applying a π phase shift to the path difference between the asymmetric MZI arms for add/drop functionality. The merit of using thermal-optic tuning over carrier-induced tuning in this device is that it allows tuning over a larger range and the holding time is unlimited, whereas carrier-induced tuning is limited by thermal effects in the device. Additionally, in carrierinduced tuning, large amount of carrier injection into the silicon waveguides will result in a higher insertion loss of the device due to free carrier absorption [27] . 
Device fabrication
In this paper, the device is designed to have a FSR of 250 GHz by setting the length of the racetrack resonators (L ring ) to be 558 μm and the path difference between the MZI arms to be 279 μm. These values are calculated using the equation FSR = 2c / (n g L ring ) by considering 450 nm x 250 nm channel waveguides with a group index of 4.3. We use a coupling gap of 200 nm and coupling length of 10 μm to realize the 3 dB directional couplers. We employ NiCr heaters at the MZI arms and racetrack resonators above the cladding to change the phase of each region independently. The NiCr heaters are 2 μm wide and 260 nm thick.
We fabricate the fully reconfigurable interleaver on a 250 nm SOI wafer with 3 µm of buried oxide using standard CMOS fabrication processes. First the 450 nm x 250 nm channel waveguides are patterned using e-beam lithography. The silicon waveguides are then etched using chlorine-based etcher. The e-beam resist is then stripped, and the etched structures are clad with 1 µm thick silicon oxide layer using plasma enhanced chemical vapor deposition to confine the optical mode. This 1 μm thick oxide cladding is sufficient to minimize the optical loss due to metal absorption [28] . 260 nm of NiCr are then evaporated on the MZI arms and racetrack resonators above the cladding to create the 2 µm wide heaters. Finally, 300 nm of gold (Au) are evaporated to define the electrode contacts using a lift-off process. The final fabricated device is illustrated in Fig. 6(a) and 6(b) . The footprint of this triple ring-assisted MZI interleaver is 0.36 mm 2 without including the electrode contacts. 
Results and discussions
We demonstrate a 120 GHz 3-dB bandwidth interleaver with full reconfiguration capability. In order to characterize the device, we couple a tunable laser light source into the input port of the device through a polarization controller. The light output at the bar port and cross port are each collimated through a lens and collected at a photodetector to measure the transmission of TE polarized light (set by the polarization controller). We thermally reconfigure the device to operate in the ideal coupling regime since the device performance is slightly suboptimal due to minor fabrication imperfections. Fine thermal-optic tuning is made to compensate for the fabrication imperfections. The total power consumption of this thermal reconfiguration is 5 mW. Figure 7(a) shows the transmission spectra of the device operating in the ideal coupling regime after thermal reconfiguration of the device. The total measured insertion loss from the fiber input to the output collected at the detector is 8 dB. It can be observed from the zoom-in spectra in Fig. 7(b) that the device is optimized to operate in the C-band. The transmission spectra of the bar and cross ports from 1548 nm to 1558 nm are clean and complementary. The device has a 3-dB bandwidth of 120 GHz and a flat passband over a 70 nm spectral range (from 1530 nm to 1600 nm). The transmission spectra also show a fast roll-off on the band edges with a 20-dB bandwidth of 142 GHz (equivalent to 0.57 FSR). The lowest channel crosstalk within this spectral range is measured to be 20 dB. This measured crosstalk of 20 dB is higher than the previously calculated crosstalk of 40 dB in Fig. 4(b) as it is assumed during the calculation that the waveguides are lossless and the power coupling coefficients of all the couplers are in the optimized values. The crosstalk, as observed in Fig. 7(a) , is not 20 dB over the entire 70 nm spectral range. The crosstalk is as low as 20 dB at 1550 nm but increases to 10 dB at the lower bound of 1530 nm and 6 dB at the higher bound of 1600 nm. This varying performance of the device over the 70 nm spectral range is attributed to the wavelength sensitivity of the coupling coefficients. The performance of the device can be improved significantly by implementing a wavelength-insensitive 3 dB MZI coupler [29, 30] .
We also operate the device in the non-ideal coupling regime before any thermal reconfiguration so as to verify the dependence of the channel crosstalk on the coupling coefficients (κ 1 , κ 2 , and κ 3 ). Figure 8(a) shows that the transmission spectrum of the bar port does not complement the cross port. One can see from the zoom-in spectra in Fig. 8(b) that the channel crosstalk of the bar port is 5 dB and the crosstalk of the cross port is 10 dB. 
Conclusion
We have demonstrated a 120 GHz 3-dB bandwidth on-chip silicon photonic interleaver based on 3 ring resonators coupled to the arms of an asymmetric MZI. The fabricated device exhibits a flat passband over a broad spectral range of 70 nm (1530 -1600 nm). The spectra show a rapid roll-off on the band edges with a 20-dB bandwidth of 142 GHz (equivalent to 0.57 FSR). The device is optimized for operation in the C-band with a channel crosstalk as low as 20 dB. This device also has full reconfiguration capability to compensate for fabrication imperfections. Integration of this interleaver with high-speed on-chip modulators and photodetectors in a WDM system is promising.
